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Hansenula polymorpha Pex3p plays an essential role in the biogenesis and 
maintenance of the peroxisomal membrane. In the initial report, bakers yeast Pex3p 
was suggested to represent an integral component of the peroxisomal membrane, 
containing one membrane spanning region that exposes the N-terminus of the 
protein into the organellar matrix. Biochemically, HpPex3p behaved like an integral 
membrane protein, as it was resistant towards high salt and carbonate treatment. 
However, urea fully removed Pex3p from the membrane under conditions that the 
integral membrane protein Pex10p was resistant to this treatment. Additional 
experiments including protease protection assays and pre-embedding labeling 
experiments on purified organellar fractions from cells that produced Pex3p’s 
carrying myc epitopes at various selected locations in the protein, revealed that 
invariably all myc tags were accessible for externally added proteases and 
antibodies, independent of the presence of detergents. Also, overproduction of 
Pex3p failed to demonstrate the typical integral membrane protein structures in 
fracture faces of freeze fractured peroxisomes. Taken together, our data suggest 
that HpPex3p does not span the peroxisomal membrane, but instead is tightly 
associated to the cytosolic face of the organelle where it may be present in focal 




Peroxisomes are ubiquitous subcellular compartments characterized by the presence 
of enzymes, which produce and degrade H2O2. Peroxisomes are recognized as a 
class of versatile organelles, which play an essential role in the cellular metabolism in 
all eukaryotes, including man (for reviews, see Gould and Valle, 2000; Titorenko and 
Rachubinski, 2001). 
In yeasts, peroxisomes are predominantly involved in the primary metabolism of 
specific carbon and/or nitrogen sources used for growth (van der Klei and Veenhuis, 
1997). In the past few years we have isolated various peroxisome-deficient (pex) 
mutants of the methylotrophic yeast Hansenula polymorpha and cloned sixteen of 
the corresponding genes (Veenhuis et al., 2001). Previously, we reported the cloning 
and partial characterization of one of these genes, PEX3, which encodes a 52 kDa 
protein essential for peroxisome biogenesis, and showed that Pex3p plays a key role 
in the biogenesis and maintenance of the peroxisomal membrane (Baerends et al., 
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1996). The crucial importance of Pex3p in peroxisome biogenesis is underlined by 
the absence of peroxisomal membrane remnants (`ghosts’) in a pex3 deletion strain. 
A comparison of the putative topologies reported for Pex3p homologues from several 
organisms shows remarkable differences. For most of the known Pex3p homologues 
the N-terminus of the protein was shown to reside in the peroxisomal matrix, while 
the C-terminus protrudes into the cytosol. On the other hand, Ghaedi et al. recently 
reported on the topology of Rattus norvegicus Pex3p, which exposes both N- and C-
termini into the cytosol (Ghaedi et al., 2000). 
In HpPex3p, a short stretch of positively charged amino acid residues located at the 
N-terminus of the protein (Arg11 X Lys Lys Lys15), may play a role in sorting of the 
protein (Baerends et al., 2000). Comparable signals were observed in Pex3p’s of 
other organisms as well as in ScPex15p (Elgersma et al., 1997; Wiemer et al., 
1996). Moreover, HpPex3p also contains a sequence that resembles the mPTS 
(Peroxisomal Targeting Signal for membrane proteins) presented for PMP47 of 
Candida boidinii (Dyer et al., 1996). The function of this sequence is not yet clear; 
however, proper sorting requires additional information than solely the positively 
charged amino acids 11-15. This was clear from experiments which demonstrated 
that the first 37 N-terminal amino acids were capable to efficiently target a reporter 
protein to the peroxisomal membrane (Baerends et al., 1996), whereas catalase, 
fused to the N-terminal 16 amino acids of Pex3p, was mislocalized to the ER and the 
nuclear membrane but did not reach its target membrane. These data lend support 
to the view that the ER may play a role in targeting of HpPex3p. 
In the course of our studies to further delineate the precise function of HpPex3p in 
peroxisome biogenesis, we obtained evidence that the topology of the protein may 
deviate from that proposed for its orthologue in S. cerevisiae. Further understanding 
of the role of HpPex3p is critically dependent on the detailed understanding of the 
insertion of the protein in the membrane. This prompted us to study the topology of 
HpPex3p in more detail, using various methods. The combined results, which 
suggested that HpPex3p is tightly associated to the cytosolic face of the peroxisomal 






Micro-organisms and growth conditions 
A list of Hansenula polymorpha strains used in this study is presented in Table I. All 
H. polymorpha strains were grown in batch cultures at 37°C on mineral medium (van 
Dijken et al., 1976), supplemented with 0.5% glucose or 0.5% methanol as carbon 
source, in the presence of 0.25% ammonium sulfate as nitrogen source. When 
plasmid-containing cells were cultured, reduced amounts of yeast extract (up to 
0.02%) were added, to prevent loss of plasmids. For growth on agar plates, all media 
were supplemented with 1.5-%-granulated agar. Escherichia coli DH5α (supE44 
∆lacU169 (φ80lacZ∆M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1) (Sambrook et al., 
1989) was used for recombinant DNA procedures and was grown on LB-medium 
supplemented with the appropriate antibiotics.  
 
DNA procedures 
H. polymorpha was transformed by electroporation (Faber et al., 1994). Recombinant 
DNA manipulations were performed essentially as described (Sambrook et al., 
1989). Site-directed mutagenesis of PEX3 and PEX8 was performed using the 
polymerase chain reaction and Pwo polymerase according to the instructions of the 
supplier (Roche Molecular Biochemicals, Almere, The Netherlands). The 
oligonucleotides used in this study are listed in Table II and were obtained from 
Eurogentec (Seraing, Belgium). Biochemicals were obtained from Roche Molecular 
Biochemicals. 
 
Construction of myc-tagged variants of HpPex3p and HpPex8p 
In order to tag Pex3p with the myc epitope (EQKLISEEDL, (Evan et al., 1985)), we 
amplified mutant PEX3 alleles by PCR using oligonucleotides, which introduced an 
endonuclease restriction site and the sequence encoding the myc epitope into PEX3. 
Chimeric PEX3-myc fragments were amplified by using pBS-HPPEX3 (2.7kb) as 
template and the primer combinations: 5pex3-myc / pex3-1B, N180pex3 / 3pex3-
myc, inpex3-myc / pex3-1B, and 3mycin4 / pex3-1A (see Table II). This amplification 
introduced the sequence encoding the myc tag at the 5’ and 3’ ends of PEX3, and 
replacing the amino acid residues at positions 102-111, and 214-223, respectively. 
The PCR product of 5pex3-myc / pex3-1B was subcloned as a BglII/SalI fragment 
into the 2.9 kb BglII/SalI fragment of pBS-PEX3 (Kiel et al., 1995), yielding pRBG49. 
The PCR product of N180pex3 / 3pex3-myc was subcloned as a HindIII/SalI 
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fragment into HindIII/SalI-linearized pBluescript II SK+, resulting in pRBG52. The 
0.4kb EcoRI/SalI fragment of pRBG52 was subsequently inserted into the 3.9 kb 
EcoRI/SalI fragment of pBS-PEX3, resulting in pRBG51. The PCR product of inpex3-
myc / pex3-1B was subcloned as a SfuI-SalI fragment in the 3.2 kb SfuI/SalI 
fragment of pBS-PEX3, thereby replacing the 5'-end of the PEX3 gene (yielding 
pRBG50). Finally, the 3mycin4 / pex3-1A PCR product was cloned as a BamHI/NcoI 
fragment into the 3.7 kb BamHI/NcoI fragment of pRBG46 (see Table I), yielding 
pGJH49. The resulting plasmids are listed in Table I. 
After subcloning, all fragments were checked by sequence analysis. Plasmids 
pRBG49, pRBG50, and pRBG51 were digested using BamHI-SalI and the 1.5 kb 
fragments (containing the chimeric PEX3 genes) were cloned into BamHI-SalI 
digested pHIPX6 (Kiel et al., 1995); this yielded pRBG61, pGJH2, and pRBG63, 
respectively. The 1.4 kb HindIII/SalI fragment of pGJH49 was placed into the 6.8 kb 
HindIII/SalI fragment of pHIPX6PEX3∆C444, yielding pGJH50. The resulting 
plasmids (see Table I), containing the chimeric genes under control of the PEX3 
promoter (PPEX3), were used to transform the pex3 knockout strain RBG1 (Baerends 
et al., 2000). The constructed strains were designated as listed in Table I. All myc-
tagged Pex3p proteins functionally complemented the methanol-utilization-deficient 
pex3 deletion strain, indicating that they were normally functional as WT Pex3p. 
An H. polymorpha strain, in which the complete open reading frame of the PEX8 gene 
was deleted, was constructed as follows: first, a 4.5 kb NheI (Klenow-treated)-XbaI 
genomic fragment, containing the PEX8 gene (Waterham et al., 1994), was cloned in 
pBluescript II KS+ digested with SmaI-XbaI (resulting in pBS-PEX8). Furthermore, a 
2.3-kb BamHI (Klenow-treated) genomic fragment containing the URA3 gene 
(Merckelbach et al., 1993), was inserted into SmaI-digested pBluescript II SK+, 
resulting in pBS-URA3 (insert in two orientations). Into pBS-URA3-ori1, cut with SalI 
(partially) and PstI, a 0.9-kb SalI-PstI fragment containing the 3'-untranslated region of 
the PEX8 gene was inserted, which was amplified by PCR using the primers RB24 and 
RB25(see Table II), and plasmid pBS-PEX8 as template, resulting in pHOR36. 
Subsequently a 1.6-kb 5'-untranslated region of the PEX8 gene was amplified by PCR 
using the primers reverse and RB23, and pBS-PEX8 as template, cut with HindIII 
(Klenow-treated)/BglII and inserted into pHOR36 digested with NotI (Klenow-
treated)/BglII, resulting in pHOR37. Finally, a 3.8-kb linear DNA fragment, containing 
the URA3 gene flanked by PEX8 upstream and downstream sequences, was isolated 
from pHOR37 using BamHI and SalI digestion. This DNA fragment was used to 
transform H. polymorpha NCYC495  [leu1.1 ura3] cells; transformants were selected 
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Table II. Oligonucleotides used in this study 
 
 
for uracil prototrophy and inability to grow on methanol (Mut-). One Mut- strain 
was selected which harbored the expected chromosomal alterations, as 
determined by Southern blot analysis (data not shown). Pex8p was extended at 
its C-terminus with the myc epitope by site-directed mutagenesis using primers 
Npex8 and Cmycpex8 (see Table II). pHRP2 (Waterham et al., 1994), containing the 
PEX8 ORF, was used as template. After subcloning, the PCR fragment was checked 
by sequence analysis. The amplified 2 kb fragment was cloned as a BamHI/XhoI 
fragment into BamHI/SalI-digested pHIPX4-PAS3 (Kiel et al., 1995), resulting in 
pHIPX4-CmycPex8.  In this construct, the chimeric PEX8 gene is under control of 
the alcohol oxidase promoter (PAOX). SphI-linearized pHIPX4-CmycPex8 was used to 
transform the PEX8 deletion strain. Leu+/Mut+ transformants were selected and 
proper insertion of the construct into the PAOX-locus was verified by Southern blot 
analysis (results not shown). The regained ability of the transformants to grow on 
methanol-containing media shows that the Pex8p-myc fusion protein is fully 
functional. A strain harboring a single copy of the PEX8-myc fusion 
(∆pex8::PAOXPEX8· C-myc) was selected for use in this study. 
  
Construction of PEX3· GFP fusion strains 
An H. polymorpha wild type strain was constructed in which the endogenous PEX3 
promoter regulates the synthesis of the reporter protein Pex3p-eGFP. To this end, a 
7.2-kb NotI-MluI (both Klenow treated) fragment of pFEM152 (Faber et al., 2001) was 
self-ligated, resulting in pHOR46. This plasmid contains only the 3'-end of PEX3 
encoding codons 157-457. Finally, to obtain a stable strain expressing PEX· GFP 
behind PPEX3, H. polymorpha NCYC495 [leu1.1] cells were transformed with StuI-
lineairized pHOR46. Transformants were selected for leucine prototrophy. Correct 
integration into the PEX3 locus was confirmed by Southern blot analysis (data not 
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shown). A single copy integrant was selected for further analysis and designated 
RBG46. 
A WT strain expressing a truncated version of Pex3p, lacking the N-terminal 50 amino 
acids, was constructed by introducing a BamHI site in front of codon 50 of the PEX3 
gene using primer KN69. The resulting PCR product was cloned as a BamHI/SalI 
fragment, which resulted in plasmid pFEM193, which expresses a fusion of ∆N50PEX3 
to GFP under control of PAOX. Linearized pFEM193 was used to transform H. 
polymorpha NCYC495 [leu1.1] cells as described above. A double copy integrant, 
designated HF250, was selected for further analysis. 
 
Biochemical methods 
Crude extracts (Waterham et al., 1993), protoplasts (van der Klei et al., 1998a) and 
organellar fractions (van der Klei et al., 1998b) were prepared as described. Protease 
inhibitors were omitted when organellar fractions were used for protease protection 
assays. Protease protection assays were performed by incubating organellar fractions 
(100 µg protein) with various concentrations of proteinase K for 30 minutes on ice, in 
the absence or presence of 0.1 % Triton X-100. The proteolytic activity was stopped by 
addition of TCA to a final concentration of 10%. The samples were subsequently 
analyzed by SDS-PAGE and Western blotting. The behavior of HpPex3p upon 
extraction of organellar fractions by different reagents was analyzed essentially as 
described (Elgersma et al., 1997). Protein concentrations were determined using the 
BioRad protein assay kit (BioRad GmbH, Munich, Germany) using bovine serum 
albumin as standard. Sodium dodecyl sulfate polyacrylamide gelelectrophoresis 
(Laemmli, 1970), and Western blotting (Kyhse-Andersen, 1984) were carried out as 
described.  Blots were decorated using the chromogenic (NBT-BCIP) or 
chemiluminiscent (POD) Western Blotting kit (Roche) using specific polyclonal rabbit 
antibodies against various H. polymorpha peroxisomal proteins or monoclonal mouse 
α-myc antibodies. 
  
Electron and fluorescence microscopy 
Whole cells were fixed and prepared for electron microscopy and 
immunocytochemistry as described (Waterham et al., 1994). Immunolabeling was 
performed on ultrathin sections of unicryl-embedded cells, using specific polyclonal 
antibodies against various peroxisomal proteins or monoclonal α-myc antibodies, and 
gold-conjugated goat-anti-rabbit or goat-anti-mouse antibodies (Waterham et al., 
1994).  
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Pre-embedding labeling experiments were performed on 30,000x g organellar pellets, 
prepared from homogenized spheroplasts of methanol-grown cells. These pellets, 
which predominantly contain mitochondria and peroxisomes, were incubated without 
further treatment with α-myc or α-Pex3p antibodies. Subsequently, the samples were 
collected by centrifugation, washed, and incubated with secondary gold-conjugated 
goat-anti- rabbit or goat-anti-mouse antibodies, followed by fixation in glutaraldehyde 
and OsO4, and embedding in Epon 812-resin (Kiebler et al., 1993). 
In freeze-etch experiments, methanol-grown cells were frozen in liquid propane and 
freeze fractured in a Balzer’s freeze-etch unit, essentially according to previously 
described methods (Moor, 1964). Also, lysed spheroplasts of wild type cells were 
fixed in 4.5% formaldehyde in 0.1M cacodylate buffer, pH 7.2, for 60 min, washed in 
buffer and subsequently processed for freeze etching. 
Strains producing GFP-containing fusion proteins were analyzed by fluorescence 




Growth and cell morphology of strains producing myc-tagged Pex3p 
For detailed analysis of the topology of H. polymorpha Pex3p, various myc tags were 
introduced. We determined the possible position of putative membrane spans in 
Pex3p by the algorithms based on the methods of Argos et al. (1982); 
transmembrane helix prediction, Eisenberg et al. (1984); prediction of membrane 
associated α-helices, and Klein et al. (1985); hydropathic index of protein. These 
methods indicate the presence of two or three putative membrane spans in HpPex3p, 
located at amino acids (aa) 16-36, 159-179, and 366-387, respectively. Based on this 
information we introduced the tags at the extreme N- and C-termini of the protein, as 
well as in between the putative membrane spans at positions 102-111, and 214-223. 
Furthermore, the position of these tags does not coincide with the location of the 
predicted regions of topogenic information of the protein (Baerends et al., 2000; Dyer 
et al., 1996). 
All constructed H. polymorpha strains, RBG1[PPEX3· PEX3· C-myc], 
RBG1[PPEX3· PEX3·  N-myc], RBG1[PPEX3· PEX3· 102-111myc], and 
RBG1[PPEX3· PEX3· 214-223myc] grew like WT cells in batch cultures supplemented 
with 0.5% methanol as sole carbon source (final optical density at 663 nm of all 
cultures amounted to approximately 3.0) and contained normal peroxisomes that were 
morphologically indistinguishable from organelles in WT cells (shown in Fig. 1A for 
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RBG1[PPEX3· PEX3·  N-myc]). Immunocytochemically, the key enzymes of methanol 
metabolism, alcohol oxidase, catalase and dihydroxyacetone synthase, were confined 
to these organelles (data not shown). These results indicated that all four myc-tagged 
variants of HpPex3p were able to functionally complement the pex3 deletion strain and 








The level of Pex3p produced in the various strains was comparable to WT levels, as 
determined by Western blotting of cell free extracts prepared from cells, grown in batch 
cultures supplemented with 0.5 % methanol (data not shown). Immunocytochemically, 
using ultrathin sections of Unicryl-embedded cells of all four strains and monoclonal 
myc antibodies, the α-myc dependent labeling was confined to the peroxisomal 
membrane (shown for RBG1[PPEX3.PEX3·  C-myc] in Fig. 1B). These results suggest 
that in all four strains Pex3p is localized at the peroxisomal membrane, as in WT cells 
(Baerends et al., 1996). 
 
Biochemical experiments 
Protease protection experiments were performed on 30,000x g organellar pellets, 
prepared from methanol-grown cells of PEX3 deletion (pex3) strains, expressing either 
one of the four myc-tagged versions of Pex3p. In all four cases, externally added 
Fig. 1. Morphology and immunocytochemical analysis of strains producing myc-tagged variants 
of HpPex3p. A. Overall morphology of RBG1[P
 PEX3.PEX3. N-myc] cells, grown for 12 h in batch 
cultures containing 0.5 % methanol. The morphology equals that of  WT Hansenula 
polymorpha, with several peroxisomes present. B. Immunocytochemical analysis of 
RBG1[PPEX3.PEX3.C-myc] using α-myc antibodies, showing specific labeling of the peroxisomal 
membrane (N: nucleus, P: peroxisome, M: mitochondrion). Cells in A were fixed by KMnO4, 
those in B by glutaraldehyde.
 
Bar indicates 0.5 µm. 
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protease completely degraded the myc-tags, even in the absence of detergent, without 
leaving any detectable degradation products (Fig. 2). Similar results were invariably 
obtained using organellar fractions prepared from WT control cells, and α-Pex3p 
antibodies (see Fig. 2). The matrix enzyme catalase and Pex14p, a membrane-bound 
protein located at the cytosolic face of the peroxisomal membrane (Albertini et al., 
1997), (Komori et al., 1997), were used as controls. As shown in Fig.2, catalase was 
protected from degradation in the absence of detergent, whereas Pex14p was 
completely degraded by the protease, independent of the presence of detergent. This 
indicated that the peroxisomes present in the 30,000x g pellets were structurally intact. 
As a further control Pex8p· myc was used. Pex8p is a peroxisomal peroxin associated 
with the luminal side of the peroxisomal membrane (Waterham et al., 1994). 
Pex8p· myc fully complemented the PEX8 deletion strain (not shown) indicating that 
the fusion protein is normally functional. In organellar pellets, prepared from methanol-
grown cells of this strain, Pex8p is resistant to proteolysis by external protease in the 
absence of detergent indicating that it is protected by the peroxisomal membrane (Fig. 
Fig. 2.
 Protease protection assay using a 30,000xg organellar pellet prepared from cells of 
various strains grown for 12 h in mineral media containing 0.5% methanol. 40 µg of protein is 
loaded per lane. Proteinase K was added to a final concentration of 0.4 mg/ml, Triton X-100 was 
added at 0.1% (W/V). A: RBG1[PPEX3.PEX3.N-myc], B: RBG1[PPEX3.PEX3.C-myc], C: 
RBG1[PPEX3.PEX3.102-111myc]., D: RBG1[PPEX3.PEX3.214-223myc]. Upon addition of 
proteinase K, myc-tagged Pex3p is completely degraded for all four strains, independent from 
detergent (A-D, detection with α-myc antibodies). For the C-terminally tagged proteins, a 
specific degradation product of approximately 50 kDa is observed in the absence of proteinase 
K due to endogenous proteolysis(arrow). WT Pex3p behaves similarly (E, detection with α-
Pex3p antibodies). Pex14p, Pex8p.myc, and catalase were used as controls (only shown for 
RBG1[PPEX3.PEX3. N-myc] cells). Catalase and Pex8p were protected in the absence of 
detergent but degraded when when detergent was added. Pex14p, a membrane associated 




2). Taken together, these data show that all myc tags introduced into HpPex3p are 
accessible in vitro to externally added protease, and therefore are likely to be exposed 
at the cytosolic face of the peroxisome.  
In the protease protection assays a α-Pex3p dependent protein band at approximately 
50 KDa was observed, prior to the addition of the protease. An identical band is 
detected by α-myc antibodies, using organellar fractions containing Pex3p variants that 
carry the myc epitope in the C-terminal half of the protein, but was never observed 
using samples of the N-terminally tagged Pex3p versions. Since our polyclonal rabbit 
α-Pex3p antibodies specifically recognize the C-terminal part of HpPex3p (Baerends et 
al., 1996), this 50 kDa protein most likely represents a C-terminal fragment of Pex3p 
(Fig. 2, Lanes B,D,E). 
Based on the assumption that low molecular weight degradation products of Pex3p 
may be formed in case the protein would contain multiple membrane spans, we also 
analyzed the protease treated samples on SDS-PAGE gradient gels (4-20 % 
acrylamide). Using such gels, model proteins as small as 6 kDa were readily resolved. 
However, we never observed any low molecular weight degradation products using 
these gels, independent of the type of Pex3p used (WT and myc-tagged variants; data 
not shown). These results suggest that all myc tags were indeed completely degraded 
by externally added protease. 
We also performed extraction experiments to study the nature of Pex3p binding to the 
peroxisomal membrane. The results, depicted in Fig. 3A, show that WT Pex3p is not 
extractable from the membrane upon treatment of 30,000x g organellar pellets with 0.1 
M TRIS-HCl, pH 8.0, or 1 M NaCl. Also, the protein was almost completely resistant to 
treatment with 0.1 M Na2CO3 (pH 11.5) but became solubilized upon extraction of the 
samples with 1% CHAPS. In several independent extraction experiments, less than 
25% of total Pex3p was found in the supernatant after treatment of the organellar 
pellets with 0.1 M Na2CO3 (pH 11.5).  Catalase, used as control, became completely 
soluble after carbonate treatment and after incubation of the samples in the 
presence of CHAPS, thus confirming that Pex3p behaves as an integral part of the 
peroxisomal membrane in the above experiments. Similar results were obtained when 
identical samples of cells producing one of the four myc-tagged versions of Pex3p 
were used (data not shown). Remarkably, Pex3p was completely released from the 
membrane after incubation of a 30,000xg organellar pellet with 6 M urea. The integral 
membrane protein HpPex10p (Tan et al., 1995), used as control, was largely resistant 
to urea extraction under these conditions (Fig. 3B) as >75 % of the protein was 
observed in the pellet fraction. Catalase was also exclusively present in the 
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supernatant, as expected (not shown). Taken together, our combined data lend 
support to the notion that HpPex3p does not span the membrane. 
 
Localization of Pex3· GFP fusion proteins 
WT H. polymorpha cells producing a Pex3· GFP fusion protein under control of the 
homologueous PEX3 promoter were grown on methanol and analyzed by 
epifluorescence. As expected, the peroxisomes present in the cells displayed 
fluorescence that was observed as a rim surrounding the organelle. Surprisingly, the 
organelles also showed one strong fluorescent spot (Fig. 4A). Analysis of cells in the 
early stages of adaptation from glucose to methanol revealed that these spots 
(‘patches’) appeared very early, already in the initial stages of adaptation. This 
suggests that Pex3p might in part be concentrated on the peroxisomal membrane in 
protein complexes. Since the protein is produced under control of its endogenous 
promoter, this organization might facilitate the function of Pex3p. Alternatively, it may 
Fig. 3. A. Extraction of 30.000xg organellar pellets prepared from wild type cells grown for 12 h in 
mineral media containing 0.5% methanol. For the extraction 150 µg of protein from an organellar 
pellet was used. This pellet was resuspended in 1.5 ml of the indicated solutions. Extractions 
were performed using: TRIS: 0.1 M TRIS-HCl, pH 8.0, salt: 1 M NaCl in 0.1 M TRIS-HCl, pH 8.0, 
pH 11.5: 0.1 M Na2CO3, pH 11.5, and CHAPS: 1% CHAPS. After incubating for 30 min on ice, 
samples were subjected to centrifugation at 100,000xg at 4 ºC for 30 min. T: total amount of 
protein, S: supernatant fraction, P: pellet fraction. The results show that HpPex3p is virtually 
completely resistant to extraction at pH 11.5. The peroxisomal matrix protein catalase however, is 
already extensively solubilized after treatment with 0.1 M TRIS-HCl, pH 8.0. 
B.
  Extraction similar organellar pellets using 6 M urea. Following incubation and centrifugation, 
the integral membrane protein Pex10p is predominantly present in the pellet fraction, while 
Pex3p is exclusively detected in the supernatant. 
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represent an artifact due to the GFP fusion. However, the latter seems less likely 
since the hybrid Pex3p· GFP protein is normally functional and can fully complement 
the pex3 deletion strain (data not shown).  
In previous studies we have shown the role of the N-terminus of Pex3p in sorting of the 
protein to the peroxisomalmembrane (Baerends et al., 1996; Baerends et al., 2000). 
Here, we studied the localization of Pex3p lacking its N-terminal 50 amino acids fused 
to GFP (∆N50Pex3pGFP) using CLSM. The results, depicted in Fig. 4B, show that the 
fusion protein is cytosolic. This is in line with the described role of the N-terminus of 
Pex3p in sorting of this protein. The remaining part of the protein, consisting of aa 51-
457, apparently does not contain sufficient information for sorting or binding of protein 
to the peroxisomal membrane. 
 
Pre-embedding labeling experiments 
Next, we decided to perform pre-embedding labeling experiments to gain further 
information on the HpPex3p topology. Fresh 30,000xg organellar pellets, prepared 
from methanol-grown cells of the various Pex3p-myc producing strains, were incubated 
with α-myc antibodies, thoroughly washed, incubated with GAM-gold, washed again 
and subsequently fixed with aldehyde/OsO4 and embedded in Epon812 resin. The 
analysis of ultrathin sections, prepared from these samples, revealed that peroxisomes 
were covered with gold particles in all experiments, as shown in Fig. 5. The specificity 
Fig. 4.  A. Pex3p localization in H. polymorpha WT cells. Localization of the fusion protein is 
visualized by fluorescence microscopy. High magnification (10.000x) of WT H. polymorpha 
cells producing Pex3p.GFP. In this pictures solely three peroxisomes are visualised that 
display focal GFP fluorescent spots. The cell surface is indicated by the white line B. WT H. 
polymorpha cells producing ∆N50.Pex3p.GFP; fluorescence is in the cytoplasm (x5000). 
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of the labeling was stressed by the finding that peroxisomes, which were present in 
unlysed protoplasts and thus were not accessible for the antibodies, invariably 
remained unstained (see Fig. 5A). Also mitochondria and other membranous 
structures, e.g. derived from the plasma membrane, which are present in the samples 
invariably showed no labeling. In all samples the labeling was frequently observed to 
be concentrated on small areas of the peroxisomal membrane, comparable to the focal 
distribution of Pex3p· GFP visible in the fluorescence images (see Fig. 4). 
Remarkably, the frequency of the gold label was highest on peroxisomes from 
RBG1[PPEX3.PEX3·  C-myc] cells (Fig. 5C) and was relatively low on organelles of 
RBG1[PPEX3.PEX3·  N-myc] cells (Fig 5B). The significantly lower labeling frequencies 
in case of the N-terminal myc might reflect a reduced accessibility of the N-terminal 
part of Pex3p for the antibodies, for instance caused by protein-protein interactions 
occurring at this part of the protein. However, we cannot exclude the possibility that 
Fig. 5.  Pre-embedding labeling of lysed protoplasts from cells grown for 12 h in batch 
cultures containing 0.5 % methanol. Monoclonal α-myc antibodies were used as primary 
antibodies. A. Specific labeling of the peroxisomal membrane in a preparation of lysed 
protoplasts from strain RBG1[PPEX3.PEX3.102-111myc]). Mitochondria and peroxisomes in 
unlysed protoplasts are not labeled (arrow). B. Pre-embedding labeling of 
RBG1[PPEX3.PEX3.N-myc], C. RBG1[PPEX3.PEX3.C-myc], and D. wild type H. polymorpha.  In 
all cases labeling is predominantly present at the surface of the peroxisomal membrane and 
frequently localized in clusters. In samples wild type control cells that do not produce myc 
tagged Pex3p, α-myc labeling is absent. (M: mitochondrion, N: nucleus, P: peroxisome). Bar 
indicates 0.5 µm. 
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folding of the protein itself causes these apparent differences in accessibility of the 
different regions of Pex3p. 
In WT control samples α-myc specific labeling was never observed (see Fig. 5D). 
However, using α-Pex3p antibodies and GAR-gold, the isolated organelles displayed 
labeling again (data not shown). 
 
Freeze etch analysis 
A remarkable characteristic of peroxisomes of H. polymorpha is that the fracture 
faces of their surrounding membrane are largely smooth (Sulter et al., 1990); not 
shown, compare Fig. 6C), a phenomenon that is indicative for the low abundance of 
large integral membrane proteins. This architecture is remarkable, since the 
organelles have multiple functions that are expected to require active membrane 
transport. Therefore we decided to investigate the architecture of these membranes 
in more detail. First, we analyzed organelles in cells that overproduced either H. 
polymorpha Pex10p, (Tan et al., 1995) or Candida boidinii PMP47 (Goodman et al., 
1986), proteins that are known to span the peroxisomal membrane in H. polymorpha 
(Sulter et al., 1993). Overexpression of both proteins had indeed occurred, as was 
evident from Western blots (data not shown). After freeze etching, the fracture faces 
of the peroxisomal membranes clearly show the presence of particles of largely 
uniform size (Fig. 6A, B). We interpreted this to be the result of the overproduction of 
the membrane proteins and therefore these data are in line with the finding that 
integral membrane proteins, if present, can be resolved by freeze fracturing 
(Eskandari et al., 1998). Subsequently we analyzed cells, which overproduced full-
length Pex3p. In these cells the replicas showed again the smooth fracture faces 
typical for WT H. polymorpha (Fig. 6C). However, the analysis of isolated 
peroxisomes of which the surface was visualized after deep etching, again resolved 
particles that were associated with the cytosolic face of the membrane (Fig. 6D). 
These combined data lend support to two important implications. Firstly, 
peroxisomes of H. polymorpha lack abundant large integral membrane proteins as 
compared to e.g. vacuoles and mitochondria; however, proteins are observed to be 
associated with the surface of the organelles. Secondly, we found no evidence, using 
freeze-fracturing techniques, that Pex3p has multiple membrane spans.  
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Fig. 6. Freeze etch analysis of H. polymorpha peroxisomal membranes in wild type cells grown 
on methanol. A. H. polymorpha CT103, overexpressing HpPex10p. The particles (arrowhead) on 
the peroxisomal membranes indicate the presence of integral membrane proteins.  
B. WT::YEpMOX47, overproducing CbPMP47, also showing a relative dense particulate 
architecture. C. WT::PAOXPEX31x  cells overproducing HpPex3p. The smooth surface of 
peroxisomes is apparent. D. Characteristic overview of a peroxisome, purified from WT  
H. polymorpha cells, grown on methanol. After fixation in aldehyde solution the samples were 
subjected to freeze-etching. After fracturing, the surface of the organelle, recognized by 
crystalline matrix (*), is visualised after deep etching showing the presence of protein particles at 






Hansenula polymorpha Pex3p (Baerends et al., 1996) is a component of the 
peroxisomal membrane and homologues have been described of various organisms 
(Wiemer et al., 1996; Kammerer et al., 1998; Höhfeld et al., 1991; Soukupova et al., 
1999). In the initial description of the bakers yeast protein (ScPex3p, (Höhfeld et al., 
1991)) it was proposed that the protein spans the membrane at the N-terminus (aa 
18-39) in conjunction with a membrane-associated region at aa 135-153. This 
topology has been questioned for RnPex3p (Ghaedi et al., 2000), and other modes 
of insertion have been proposed. In this paper we provide various lines of evidence 
that H. polymorpha Pex3p is tightly associated to the cytosolic face of the organellar 
membrane, without spanning it. In favor of this orientation are the results obtained by 
the analysis of the protease sensitivity of HpPex3p, using intact organellar fractions. 
In numerous experiments Pex3p was invariably completely removed in the presence 
of externally added proteases. This was also the case with myc-tagged versions in 
which tags have been introduced at selected positions in the protein. The positions of 
these tags were based on the location of the three predicted hydrophobic regions in 
the protein (using several algorithms) that could represent membrane spans. These 
stretches are located at the aa positions 16-36, 159-179, and 366-387. The myc tags 
were introduced at positions in between the three possible membrane-spanning 
domains and at the extreme N- and C-termini of the protein. All the constructed, 
tagged versions of the protein were shown to fully complement the pex3 phenotype. 
Both the pre-embedding labeling experiments and the protease protection assays 
using the hybrid Pex3p proteins gave similar results in that all introduced myc tags 
were accessible at the cytosolic face of the peroxisomal membrane. 
However, as shown before in biochemical extraction experiments, HpPex3p 
(Baerends et al., 1996), but also ScPex3p (Höhfeld et al., 1991), displays properties 
of an integral membrane protein as it is resistant towards carbonate extraction.  
Several examples are however available, also from peroxisomal proteins, that 
suggest that the carbonate treatment does not always give an unequivocal 
discrimination in case of integral membrane proteins. For instance, ScPex13p and 
the peroxisomal ABC transporter PAT1, both recognized integral membrane 
proteins, show bimodal distribution patterns upon carbonate treatment (Elgersma et 
al., 1996). It can be envisaged that the opposite may also occur: tightly associated 
proteins, which do not span the membrane, may -in part- be resistant to carbonate 
treatment.  Interestingly, Johnson et al. raised the same issue in their discussion of 
the location and topology of P. pastoris Pex14p (Johnson et al., 2001). They 
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conclude that although PpPex14p behaves like an integral membrane protein upon 
carbonate treatment, it does not contain any membrane spanning regions, contrary 
to results published of other Pex14p homologues (e.g. human (Will et al., 1999), and 
H. polymorpha Pex14p (Komori et al., 1997)). Therefore they conclude that tight 
association with other integral membrane proteins probably causes the strong 
interaction of Pex14p with the peroxisomal membrane in P. pastoris.  
Freeze fracture experiments on WT peroxisomes suggest that peroxisomes are 
devoid of high quantities of large integral membrane proteins. That this assumption 
is indeed true was clear from experiments on cells that overproduce either of two 
proteins known to span the membrane, CbPMP47 or HpPex10p. Overproduction of 
both full-length Pex3p and Pex3p[1-50]GFP did not enhance the particle numbers of 
the fracture faces of the peroxisomal membrane, suggesting that HpPex3p does not 
contain membrane spans. This view was strengthened by the data of the urea 
extractions. 
Taken together, our data support the assumption that HpPex3p is very tightly 
associated to the cytosolic face of the peroxisomal membrane, where it may be 
present in protein clusters, judged from the fluorescence data. Most probably, these 
clusters represent homomeric or heteromeric protein complexes at the peroxisomal 
membrane. We are currently investigating high molecular weight protein complexes 
in the peroxisomal membrane of H. polymorpha to identify the constituents of such 
complexes (Lutz and van der Klei, unpublished results). These studies will also 
establish whether HpPex3p is a component of such complexes. One possible clue to 
the presence of Pex3p in clusters may be related to the fact that the ratio between 
the increase of Pex3p levels (approximately 6-fold, (Baerends et al., 1996)) under 
methylotrophic growth conditions and the increase in peroxisomal membrane surface 
(>1,000-fold) is very low. Thus, to maintain functional quantities of Pex3p, a focal 
concentration may be required to avoid ineffective dilution of the protein over the 
membrane. This conformation may also, at least in part, explain the tight association 
of the protein to the membrane, based on biochemical criteria. Moreover, the tight 
association might be related to the possibility that HpPex3p has one or more 
proteinaceous binding partners at the peroxisomal surface, which tightly anchor the 
protein to the membrane and/or other proteins. The N-terminus of Pex3p would be a 
likely part to interact in such a complex, since the labeling intensity of the N-
terminally tagged versions is lower than that for C-terminally tagged Pex3p in 
immunocytochemistry. Interestingly, Soukupova et al. (Soukupova et al., 1999) made 
similar observations when studying the topology of HsPex3p using an approach 
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based on immunofluorescence. They concluded that the N-terminus of HsPex3p 
protruded into the peroxisomal matrix, although they could not exclude other modes 
of protection of the N-terminus. The involvement of the N-terminus of HsPex3p in 
binding to other proteins could be an alternative explanation for this phenomenon.  
The importance of the N-terminus of Pex3p for its localization was also shown in our 
approach to study the targeting of ∆N50· Pex3p· GFP in WT cells. The cytosolic 
localization we observed for this truncated fusion protein clearly indicates that the N-
terminal 50 aa are critically important for targeting of Pex3p. Either the targeting 
itself, or alternatively, the association to the membrane is disturbed in this situation. 
However, it could not be determined whether folding of the truncated protein was 
disturbed. Abnormal folding could also account for the loss of binding capability of 
∆N50· Pex3p. 
In P. pastoris it was shown that the N-terminal 40 amino acids of Pex3p fused to 
GFP were targeted to, and tightly associated with, the peroxisomal membrane 
(Wiemer et al., 1996), although a putative transmembrane domain is not observed in 
this fusion protein. This also suggests that the N-terminus of PpPex3p tightly binds to 
the peroxisomal membrane without the involvement of membrane spanning regions. 
Our finding that both N- and C-termini of HpPex3p are cytosolic, resemble the results 
published by Ghaedi et al. for RnPex3p (Ghaedi et al., 2000). 
The binding partners of Pex3p identified to date are Pex14p, (Snyder et al., 1999) 
and Pex19p (Götte et al., 1998), (Hettema et al., 2000). Pex14p is a peroxisomal 
membrane protein and is thought to be a component of the docking site of the 
cytosolic receptors, Pex5p and Pex7p, of peroxisomal PTS1 or PTS2 matrix proteins 
(Albertini et al., 1997). Pex19p is a farnesylated integral membrane protein that 
interacts with multiple peroxisomal membrane proteins. We have not yet been able 
to determine whether Pex14p or Pex19p are involved in binding of Pex3p to the 
peroxisomal membrane of H. polymorpha. 
When the transmembrane predictions of yeast and human Pex3p proteins are 
compared, striking differences are apparent (Kammerer et al., 1998). Consequently, 
Pex3p may show different topologies in these species although the proteins are 
thought to be functional homologues. The latter may not only be hypothetical since 
heterologous complementation of the H. polymorpha pex3 mutant by the S. 
cerevisiae PEX3 gene product has been demonstrated (Kiel et al., 1995), although 
these proteins show a sequence homology of only 30%. Rather low identities 
between proteins, which are thought to be functional homologues, seem to be a 
typical characteristic of peroxins. In this context, the results we obtained using the 
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MEMGEN algorithm (Lolkema and Slotboom, 1998) are noteworthy. MEMGEN 
performs hydropathy profile alignments, and when provided with the sequences of H. 
polymorpha, S. cerevisiae, H. sapiens, and R. norvegicus Pex3p, the results 
depicted in Fig. 7 are obtained. No obvious membrane-spanning regions with 
sufficient length and hydrophobicity become apparent when these sequences are 
aligned. Therefore, on the basis of a hydropathy profile alignment, no clear 
consensus can be found with respect to the presence of putative membrane spans in 
the Pex3p homologues. 
Until now, an in depth analysis of the topology of Pex3p has not been performed in 
any organism. Since comparison of sequence data and transmembrane predictions 
show quite dissimilar results for the homologues from different species, it remains 
unclear whether these proteins actually share the same topology. The proposed 
mode for membrane attachment of HpPex3p therefore might not reflect the situation 
in other species studied so far. Further understanding of the role of this peroxin in 
peroxisome biogenesis and maintenance, will depend on identifying its binding 
partners and thus gaining insight into the molecular mechanisms of its activity. 
 
Acknowledgements 
We thank Andre Boorsma for DNA sequencing and Anita Kram and Jan Zagers for 
immunocytochemistry and freeze-etching. Monoclonal α-myc antibodies were a gift 
of Dr L.F.M.H. De Leij, University of Groningen. 
Fig. 7. Hydropathy profile alignment of Pex3p using MEMGEN. The amino acid sequences 
of Pex3p from H. polymorpha, S. cerevisiae, Homo sapiens, and R. norvegicus were used. 
The horizontal axis represents amino acid positions of the aligned sequences, the vertical 





Albertini,M., Rehling,P., Erdmann,R., Girzalsky,W., Kiel,J.A.K.W., Veenhuis,M., and 
Kunau,W.H. (1997). Pex14p, a peroxisomal membrane protein binding both 
receptors of the two PTS-dependent import pathways. Cell 89, 83-92. 
Argos,P., Rao,J.K., and Hargrave,P.A. (1982). Structural prediction of membrane-
bound proteins. Eur. J. Biochem. 128, 565-575. 
Baerends,R.J.S., Faber,K.N., Kram,A.M., Kiel,J.A.K.W., van der Klei,I.J., and 
Veenhuis,M. (2000). A stretch of positively charged amino acids at the N terminus of 
Hansenula polymorpha Pex3p is involved in incorporation of the protein into the 
peroxisomal membrane. J. Biol. Chem. 275, 9986-9995. 
Baerends,R.J.S., Rasmussen,S.W., Hilbrands,R.E., van der Heide,M., Faber,K.N., 
Reuvekamp,P.T., Kiel,J.A.K.W., Cregg,J.M., van der Klei,I.J., and Veenhuis,M. 
(1996). The Hansenula polymorpha PER9 gene encodes a peroxisomal membrane 
protein essential for peroxisome assembly and integrity. J. Biol. Chem. 271, 8887-
8894. 
Baerends,R.J.S., Salomons,F.A., Faber,K.N., Kiel,J.A.K.W., van der Klei,I.J., and 
Veenhuis,M. (1997). Deviant Pex3p levels affect normal peroxisome formation in 
Hansenula polymorpha: high steady-state levels of the protein fully abolish matrix 
protein import. Yeast. 13, 1437-1448. 
Dyer,J.M., McNew,J.A., and Goodman,J.M. (1996). The sorting sequence of the 
peroxisomal integral membrane protein PMP47 is contained within a short 
hydrophilic loop. J. Cell Biol. 133, 269-280. 
Eisenberg,D., Schwarz,E., Komaromy,M., and Wall,R. (1984). Analysis of membrane 
and surface protein sequences with the hydrophobic moment plot. J. Mol. Biol. 179, 
125-142. 
Elgersma,Y., Kwast,L., Klein,A., Voorn-Brouwer,T.M., van den Berg,M., Metzig,B., 
America,T., Tabak,H.F., and Distel,B. (1996). The SH3 domain of the 
Saccharomyces cerevisiae peroxisomal membrane protein Pex13p functions as a 
docking site for Pex5p, a mobile receptor for the import PTS1-containing proteins. J. 
Cell Biol. 135, 97-109. 
Elgersma,Y., Kwast,L., van den Berg,M., Snyder,W.B., Distel,B., Subramani,S., and 
Tabak,H.F. (1997). Overexpression of Pex15p, a phosphorylated peroxisomal 
integral membrane protein required for peroxisome assembly in  S.cerevisiae, 
causes proliferation of the endoplasmic reticulum membrane. EMBO J. 16, 7326-
7341. 
Eskandari,S., Wright,E.M., Kreman,M., Starace,D.M., and Zampighi,G.A. (1998). 
Structural analysis of cloned plasma membrane proteins by freeze-fracture electron 
microscopy. Proc. Natl. Acad. Sci. U. S. A 95, 11235-11240. 
Evan,G.I., Lewis,G.K., Ramsay,G., and Bishop,J.M. (1985). Isolation of monoclonal 
antibodies specific for human c-myc proto- oncogene product. Mol. Cell Biol. 5, 
3610-3616. 
Pex3p localization in Hansenula polymorpha 
 69 
Faber,K.N., Haima,P., Harder,W., Veenhuis,M., and AB,G. (1994). Highly-efficient 
electrotransformation of the yeast Hansenula polymorpha. Curr. Genet. 25, 305-310. 
Faber,K.N., Kram,A.M., Ehrmann,M., and Veenhuis,M. (2001). A novel method to 
determine the topology of peroxisomal membrane proteins in vivo using the tobacco 
etch virus protease. J. Biol. Chem. 276, 36501-36507. 
Ghaedi,K., Tamura,S., Okumoto,K., Matsuzono,Y., and Fujiki,Y. (2000). The peroxin 
Pex3p initiates membrane assembly in peroxisome biogenesis [In Process Citation]. 
Mol. Biol. Cell 11, 2085-2102. 
Gleeson,M.A.G. and Sudbery,P.E. (1988). Genetic analysis in the methylotrophic 
yeast Hansenula polymorpha. Yeast 4, 293-303. 
Goodman,J.M., Maher,J., Silver,P.A., Pacifico,A., and Sanders,D. (1986). The 
membrane proteins of the methanol-induced peroxisome of Candida boidinii. Initial 
characterization and generation of monoclonal antibodies. J. Biol. Chem. 261, 3464-
3468. 
Gould,S.J. and Valle,D. (2000). Peroxisome biogenesis disorders; genetics and cell 
biology. Trends Genet. 16, 340-345. 
Götte,K., Girzalsky,W., Linkert,M., Baumgart,E., Kammerer,S., Kunau,W.H., and 
Erdmann,R. (1998). Pex19p, a farnesylated protein essential for peroxisome 
biogenesis. Mol. Cell Biol. 18, 616-628. 
Hettema,E.H., Girzalsky,W., van den Berg,M., Erdmann,R., and Distel,B. (2000). 
Saccharomyces cerevisiae Pex3p and Pex19p are required for proper localization 
and stability of peroxisomal membrane proteins. EMBO J. 19, 223-233. 
Höhfeld,J., Veenhuis,M., and Kunau,W.H. (1991). PAS3, a Saccharomyces 
cerevisiae gene encoding a peroxisomal integral membrane protein essential for 
peroxisome biogenesis. J. Cell Biol. 114, 1167-1178. 
Johnson,M.A., Snyder,W.B., Lin,C.J., Veenhuis,M., Subramani,S., and Cregg,J.M. 
(2001). Pichia pastoris Pex14p, a phosphorylated peroxisomal membrane protein, is 
part of a PTS-receptor docking complex and interacts with many peroxins. Yeast 18, 
621-641. 
Kammerer,S., Holzinger,A., Welsch,U., and Roscher,A.A. (1998). Cloning and 
characterization of the gene encoding the human peroxisomal assembly protein 
Pex3p. FEBS Lett. 429, 53-60. 
Kiebler,M., Keil,P., Schneider,H., van der Klei,I.J., Pfanner,N., and Neupert,W. 
(1993). The mitochondrial receptor complex: a central role of MOM22 in mediating 
preprotein transfer from receptors to the general insertion pore. Cell 74, 483-492. 
Kiel,J.A.K.W., Keizer-Gunnink,I., Krause,T., Komori,M., and Veenhuis,M. (1995). 
Heterologous complementation of peroxisome function in yeast: the Saccharomyces 
cerevisiae PAS3 gene restores peroxisome biogenesis in a Hansenula polymorpha 
per9 disruption mutant. FEBS Lett. 377, 434-438. 
Klein,P., Kanehisa,M., and DeLisi,C. (1985). The detection and classification of 
membrane-spanning proteins. Biochim. Biophys. Acta 815, 468-476. 
Chapter 3 
 70 
Komori,M., Rasmussen,S.W., Kiel,J.A.K.W., Baerends,R.J.S., Cregg,J.M., van der 
Klei,I.J., and Veenhuis,M. (1997). The Hansenula polymorpha PEX14 gene encodes 
a novel peroxisomal membrane protein essential for peroxisome biogenesis. EMBO 
J. 16, 44-53. 
Kyhse-Andersen,J. (1984). Electroblotting of multiple gels: a simple apparatus 
without buffer tank for rapid transfer of proteins from polyacrylamide to nitrocellulose. 
J. Biochem. Biophys. Methods 10, 203-209. 
Laemmli,U.K. (1970). Cleavage of structural proteins during the assembly of the 
head of bacteriophage T4. Nature 227, 680-685. 
Lolkema,J.S. and Slotboom,D.J. (1998). Hydropathy profile alignment: a tool to 
search for structural homologues of membrane proteins. FEMS Microbiol. Rev. 22, 
305-322. 
Merckelbach,A., Godecke,S., Janowicz,Z.A., and Hollenberg,C.P. (1993). Cloning 
and sequencing of the ura3 locus of the methylotrophic yeast Hansenula polymorpha 
and its use for the generation of a deletion by gene replacement. Appl. Microbiol. 
Biotechnol. 40, 361-364. 
Moor,H. (1964). Die Gefrier-fixation lebender Zellen und ihre Anwendung in der 
Elektronen Mikroskopie. Z. Zellforsch. 63, 546-580. 
Sambrook,J., Fritsch,E.F., and Maniatis,T. (1989). Molecular Cloning: A Laboratory 
Manual. Cold Sping Harbor Laboratory Press, Cold Spring Harbor, NY). 
Snyder,W.B., Koller,A., Choy,A.J., Johnson,M.A., Cregg,J.M., Rangell,L., 
Keller,G.A., and Subramani,S. (1999). Pex17p is required for import of both 
peroxisome membrane and lumenal proteins and interacts with Pex19p and the 
peroxisome targeting signal-receptor docking complex in Pichia pastoris. Mol. Biol. 
Cell 10, 4005-4019. 
Soukupova,M., Sprenger,C., Gorgas,K., Kunau,W.H., and Dodt,G. (1999). 
Identification and characterization of the human peroxin PEX3. Eur. J. Cell Biol. 78, 
357-374. 
Sulter,G.J., Looyenga,L., Veenhuis,M., and Harder,W. (1990). Occurrence of 
peroxisomal membrane proteins in methylotrophic yeasts grown under different 
conditions. Yeast 6, 35-43. 
Sulter,G.J., Waterham,H.R., Vrieling,E.G., Goodman,J.M., Harder,W., and 
Veenhuis,M. (1993). Expression and targeting of a 47 kDa integral peroxisomal 
membrane protein of Candida boidinii in wild type and a peroxisome-deficient mutant 
of Hansenula polymorpha. FEBS Lett. 315, 211-216. 
Tan,X., Waterham,H.R., Veenhuis,M., and Cregg,J.M. (1995). The Hansenula 
polymorpha PER8 gene encodes a novel peroxisomal integral membrane protein 
involved in proliferation. J. Cell Biol. 128, 307-319. 
Titorenko,V.I. and Rachubinski,R.A. (2001). Dynamics of peroxisome assembly and 
function. Trends Cell Biol. 11, 22-29. 
van der Klei,I.J., Hilbrands,R.E., Kiel,J.A.K.W., Rasmussen,S.W., Cregg,J.M., and 
Veenhuis,M. (1998a). The ubiquitin-conjugating enzyme Pex4p of Hansenula 
Pex3p localization in Hansenula polymorpha 
 71 
polymorpha is required for efficient functioning of the PTS1 import machinery. EMBO 
J. 17, 3608-3618. 
van der Klei,I.J., van der Heide,M., Baerends,R.J.S., Rechinger,K.B., Nicolay,K., 
Kiel,J.A.K.W., and Veenhuis,M. (1998b). The Hansenula polymorpha per6 mutant is 
affected in two adjacent genes which encode dihydroxyacetone kinase and a novel 
protein, Pak1p, involved in peroxisome integrity. Curr. Genet. 34, 1-11. 
van der Klei,I.J. and Veenhuis,M. (1997). Yeast peroxisomes: function and 
biogenesis of a versatile cell organelle. Trends Microbiol. 5, 502-509. 
van Dijken,J.P., Otto,R., and Harder,W. (1976). Growth of  Hansenula polymorpha in 
a methanol-limited chemostat. Physiological responses due to the involvement of 
methanol oxidase as a key enzyme in methanol metabolism. Arch. Microbiol. 111, 
137-144. 
Veenhuis,M., Salomons,F.A., and van der klei,j. (2001). Peroxisome biogenesis and 
degradation in yeast: A structure/function analysis. microscopy research and 
technique 51, 584-600. 
Waterham,H.R., Titorenko,V.I., Haima,P., Cregg,J.M., Harder,W., and Veenhuis,M. 
(1994). The Hansenula polymorpha PER1 gene is essential for peroxisome 
biogenesis and encodes a peroxisomal matrix protein with both carboxy- and amino-
terminal targeting signals. J. Cell Biol. 127, 737-749. 
Waterham,H.R., Titorenko,V.I., Swaving,G.J., Harder,W., and Veenhuis,M. (1993). 
Peroxisomes in the methylotrophic yeast Hansenula polymorpha do not necessarily 
derive from pre-existing organelles. EMBO J. 12, 4785-4794. 
Wiemer,E.A.C., Luers,G.H., Faber,K.N., Wenzel,T.J., Veenhuis,M., and 
Subramani,S. (1996). Isolation and characterization of Pas2p, a peroxisomal 
membrane protein essential for peroxisome biogenesis in the methylotrophic yeast 
Pichia pastoris. J. Biol. Chem. 271 , 18973-18980. 
Will,G.K., Soukupova,M., Hong,X., Erdmann,K.S., Kiel,J.A.K.W., Dodt,G., 
Kunau,W.H., and Erdmann,R. (1999). Identification and characterization of the 
human orthologue of yeast Pex14p. Mol. Cell Biol. 19, 2265-2277. 
  
 
